Background This study sought to improve the predicative performance and goodness-of-fit of mapping models, as part of indirect valuation, by introducing cubic spline smoothing to map a group of health-related quality of life (HRQOL) measures onto a preference-based measure. Methods This study was a secondary analysis of a crosssectional health survey data assessing the HRQOL for patients with colorectal neoplasms. Mapping functions of condition-specific functional assessment of cancer therapy-colorectal (FACT-C) onto preference-based SF-6D measure were developed using a dataset of 553 Chinese subjects with different stages of colorectal neoplasm. The missing values of FACT-C were imputed using multiple imputation. Then three widely applicable models (ordinary least square (OLS), Tobit and two-part models) were employed for the mapping function after applying the cubic spline smoothing on the data. For the evaluation of the effectiveness of cubic spline smoothing and multiple imputation, the goodness-of-fit and prediction performance of each model were compared. Results Analyses showed that the models fitted with transformed data from cubic spline smoothing offered better performance in goodness-of-fit and prediction than the models fitted with the original data. The values of R 2 were improved by over 10 %, and the root mean square error and the mean absolute error were both reduced. The best goodness-of-fit and performance were achieved by OLS model using transformed data from cubic spline smoothing. Conclusions Cubic spline smoothing and multiple imputation were recommended for the mapping of HRQOL measures onto the preference-based measure. Among the three mapping models, the simple-to-use OLS model had the best performance.
Introduction
Economic evaluation including cost-utility analysis is frequently used to compare health interventions. The vital implications of economic evaluation are to inform resource allocation of heavily demanded health service system and advise the optimal medical decision to health policy makers. One of the major outcome measures from costutility analysis is the incremental cost-effectiveness ratios (ICER), representing the difference in costs between two interventions divided by the difference in their respective effectiveness in quality-adjusted life years (QALYs). As highly recommended by National Institute for Health and Care Excellence in United Kingdom [1] , the QALYs are calculated by summing up the product of utility score of each health state and its length of stay. The preferencebased scores in the form of EQ-5D, HUI or SF-6D are the most common multi-attribute classification systems estimated through the application of regression-based mapping [2, 3] . Despite the potential loss of information, regression-based mapping is commonly used as a part of indirect valuation method to transform the scoring metric from the source health-related quality of life (HRQOL) measures to the target preference-based score, which theoretically ranges in the zero-one (dead-full health) scale. Unlike direct valuation methods such as standard gamble and time trade-off, the derivation of preference-based scores using regression-based mapping is particularly convenient and simple to apply [2] . However, to an extent, the mapping is still being challenged for methodological considerations regarding low level of predictive ability and high degrees of residual errors.
In an attempt to estimate the utility scores for the appraisal of interventions related to colorectal cancer, the functional assessment of cancer therapy-colorectal (FACT-C) measure is the commonly used condition-specific HRQOL measure. Owing to relevance of disease condition, the FACT-C measure had higher sensitivity and responsiveness to change over time in all HRQOL aspects except for the social well-being compared to generic measure [4] . However, the FACT-C, in current form of non-preferencebased condition-specific measure, was not feasible for the use in economic evaluation.
This study concerns the mapping from the conditionspecific FACT-C measure onto the preference-based SF-6D. In previous work [5] , such a mapping was established using the linear regression model. The aim of this study is to improve the mapping using the cubic spline smoothing technique and to evaluate our improvements of prediction performance and goodness-of-fit to commonly used models, including ordinary least square, Tobit and two-part models. The data we used in this study are the colorectal neoplasm (CRN) health survey data collected from a Chinese population with CRN. Demographic and clinical characteristics were also incorporated in the models to improve their prediction performance.
Methods

Subject
The study was a secondary analysis of health survey data on a sample of 553 patients with CRN (colorectal polyps or cancer) at a colorectal specialist outpatient clinic in Hong Kong between October 2009 and July 2010. A survey was utilized to collect the HRQOL, self-reported socio-demographic characteristics and medical record information, including cancer stages (based on the staging system of American Joint Committee on Cancer [6] ), primary tumor site, presence of stoma and current treatment. A summary of the demographic and clinical characteristics of the patients are shown in Table 1 . Among all the patients in the study, the average age is 63.2 years with standard deviation of 11.3. The percentage of females is 42.0 %. The proportions range from 13.0 % to 20.6 % for different stages of colorectal neoplasm. A condition-specific FACT-C and generic preference-based SF-6D instrument were administered by trained interviewers via face-to-face or telephone interviews. Details of subject recruitment and procedures were listed in previous studies [4, 5, [7] [8] [9] [10] [11] [12] .
Instruments
The FACT-C, developed by Center on Outcomes, Research and Education [13] , is a 36-item condition-specific HRQOL instrument that measures five major subscales: 7-item physical well-being (PWB), 7-item social wellbeing (SWB), 6-item emotional well-being (EWB), 7-item functional well-being (FWB) and 9-item colorectal cancer subscale (CCS). All items are scored using a five-point Likert scale (0 = ''not at all,'' 1 = ''a little,'' 3 = ''somewhat,'' 4 = ''quite a bit'' and 5 = ''very much''). Higher scores in subscales indicate better HRQOL. Psychometric properties, regarding validity and reliability, of the Traditional Chinese version 4 of the FACT-C have been reported previously [4, 8, 11] .
The SF-6D is one of the widely used generic preferencebased measures with a multi-attribute classification system for calculating the utility score of dead-full-health scale anchored on 0 to 1. The SF-6D classification system consists of six dimensions-physical functioning, role functioning, social functioning, pain, mental health and vitality-with three to five response levels each. Response combination of six dimensions was then converted into a SF-6D score following the preference weights derived from the Hong Kong general population [14, 15] . In Hong Kong preference scoring algorithm, the utility scores range from 0.315 (lowest possible state) to 1.000 (Perfect health state) with higher scores indicating better HRQOL.
Data analysis
Our data analysis procedure contain three steps. First the missing data are imputed from the original FACT-C questionnaires. The complete FACT-C data are then transformed using the cubic spline function. Finally, the mapping of FACT-C onto SF-6D is built based on the ordinary least square (OLS) method. We provide detailed explanations of each step as follows.
Data manipulation
In the original questionnaires of the FACT-C, the sample size of the complete dataset was only 226 out of 553 in the overall dataset. i.e., more than 50 % observations in the entire dataset had missing values. We first adopted the scoring guidelines by Functional Assessment of Chronic Illness Therapy (FACIT) [16] to handle the missing values, i.e., prorating the subscale scores in the case with more than 50 % of the items answered (e.g., a minimum of 4 out of 7 items, 4 out of 6 items, etc). Among the adjusted subscales, there are still nine missing out of 553 observations. These 9 missings were simply deleted in the previous study [5] since the percentage of the missing is small. In this study, the scores of the subscales were further weighted by the number of the questions in each subscale. Besides following the FACIT scoring guidelines, we also imputed the missing answers in the original questionnaire by the overall distribution of that particular answer. This is based on the fact that we observed no pattern of the missing data, therefore assumed that the data are missing at random. An imputed dataset with ten imputations was created using multivariate imputation by chained equations [17, 18] .
Cubic spline transformation
The cubic spline was first developed in the field of numerical analysis as an interpolation technique. It is a sufficiently smooth cubic polynomial function that is piecewise defined. The function curve is not only smooth within the segments divided by the user-defined knots, but also sufficiently smooth at the places where the polynomial pieces connect. The cubic smoothing technique is also applied in regression modeling to capture the nonlinear effects and improve the explanatory power of a linear model with the spline-transformed data [19, 20] . In our case, we employed the cubic spline transformation on the scores of the five subscale in FACT-C. A cubic B-spline is a piecewise cubic curve split at a series of distinct knots, with the property that the derivatives of the curve are continuous at the knots up to the degree of two. With the transformed data, we still use linear models for the mapping function.
Model specification
For the mapping of FACT-C onto SF-6D, we employed the OLS method since it is the most widely applied and straightforward. According to previous work [5] , ceiling effect is observed for SF-6D since the questionnaire does not provide enough distinguishability for the patients exhibiting a high quality of life. Therefore, in addition to OLS, we also considered the Tobit model [21] and two-part model [22] for comparison, both of which were designed to handle the ceiling effect in SF-6D. In the Tobit model, it assumes that there is a latent response
, and Y i ¼ 1 for otherwise. The two-part model was defined as logitðPrðY i ¼ 1jX i ÞÞ ¼ X i a and EðY i jX i ; Y i \1Þ ¼ X i b with the overall model EðYjXÞ ¼ ½Xb þ expðXaÞ=½1 þ expðXaÞ. All three models were fitted with the main effect, as well as the adjustment of the demographics and clinical variables given in Table 1 . Both multiple imputation and spline transformation were applied to the data before fitting the model.
Model comparison
Some commonly used criteria were employed to assess the performance of each model. We used R 2 as a statistical measure of how well the regression line approximates the real data points. We also included adjusted R 2 , which takes account of the inflation of R 2 when more variables are added into the model. In addition, the Akaike information criterion (AIC) [23] and Bayesian information criterion (BIC) [24] provided a measure of the relative quality and goodness-of-fit of the models. The predictive ability of the models was compared using the root mean square error (RMSE) and the mean absolute error (MAE), both of which are based on the differences between the predicted and observed SF-6D scores for each individual observation. In addition, the number of observations with the absolute error (AE) greater than the threshold of 0.05 and 0.1 and the corresponding proportions in the full sample were calculated, respectively. Since the two-part model only gave the parameter estimation and model prediction for the part with SF-6D scores less than one, it is not appropriate to compare with the other models using the criteria based on only one part of the model. Therefore, only the AIC and BIC were available for the two-part model. All the values of these measures, i.e., R 2 , adjusted R 2 , AIC, BIC, RMSE, MAE and AE, were presented as the average of results based on the ten imputations.
All regressions and other statistical analysis were conducted using SAS (version 9.3, by SAS Institute Inc., Cary, NC, USA). The multiple imputation was performed using the MICE package (version 2.18) in R (version 3.0.1) [25] .
Results
Cubic spline smoothing
In order to smooth the mapping function and search for a better fitted curve with higher explanatory power, we considered the spline transformation on the main effects, i.e., the values of the subscales PWB, SWB, EWB, FWB and CCS. The spline transformation we chose is the cubic B-spline with four knots. Our cubic B-spline provides sufficient degrees of freedom to better approximate the pattern displayed by the data.
The spline transformations on each of the five subscales of FACT-C are all converged, and the resulting transformation functions are shown in Fig. 1 . From the graphs of the transformation function, it is noticed that none of the spline transformations is an identical transformation. It shows that the cubic spline transformation is necessary for improving the model fitting.
Parameter estimation and prediction of the regression models for the mapping function
The mapping function onto SF-6D was modeled with three methods, i.e., the ordinary least square method (OLS), the Tobit model and two-part model as mentioned in ''Data analysis'' section. The models were fitted with the data imputed by multiple imputation. Both the original and spline-transformed data of the five main effects were used in the model fittings for comparison. Table 2 shows the results of the parameter estimations for the three regression models. Table 3 shows the summary of the SF-6D scores predicted by the fitted mapping functions. Note that the results of the predictions from the two-part model are not included in Table 3 . This is because the two-part model only provided the predicted SF-6D scores given by the linear part, in which the observations with SF-6D score equal to one were excluded. As shown in the lower part of Table 2 , for the models using the spline-transformed data, the five main effect terms from the FACT-C subscales scores were all significant in the models. The positive values of the coefficients for the five main effect indicated that an increase in the score for any of the subscales would lead to increase in the score of SF-6D and vice versa. Among all the demographic and clinical characteristics covariates, the effects of ''Female'' in ''Sex'' and the subgroup ''Low Risk Polyps'' in ''Stage of colorectal neoplasm'' were also significant. This implied that the female patients had significant lower health state than male, and all the groups with different stage of colorectal neoplasm had similar scores of SF-6D except the group of ''Low Risk Polyps.'' Meanwhile, only the PWB, EWB, FWB and CCS in the FACT-C subscales and the effect of ''Sex'' were significant in the models using the data without spline transformed as shown in the upper part of Table 2 . All the interaction terms were not significant in the models with or without the transformed data.
In general, the scores of SF-6D predicted by the three models were similar in terms of the summary statistics such as mean, standard deviation, median, minimum and maximum values in Table 3 . The minimum values of the predicted SF-6D scores are slightly larger for the models with cubic spline transformation than the ones without transformed data. The maximum values predicted by the Tobit model are all equal to one since the Tobit model has an assumption on the upper bound according to its model definition.
Model selection and comparison
Spline transformation
The goodness-of-fit statistics and prediction performance of the three models, i.e., OLS, Tobit and two-part models, with and without the cubic spline transformation are compared in Table 4 . From the table, it is shown that the values of R 2 and adjusted R 2 for OLS were increased by 11.16 % and 11.78 %, respectively, after the spline transformation. The values of AIC and BIC decreased by 5 to 10 % with the spline-transformed data. Similarly, the Tobit and two-part models also lead to reduced AIC and BIC. The changes in R 2 /adjusted-R 2 and AIC/BIC imply that the spline transformation led to a better fitted model with more power in explaining the data. The RMSE and MAE for all three models were also decreased when compared with the models without spline transformation. This suggested that the models fitted with the transformed data had a stronger predictive ability. From both aspects of goodness-of-fit and prediction performance, the cubic spline transformation contributed to the improvement of the models. The cubic spline transformation enabled the model to capture the trend of the data in a more detailed way, yet only using a polynomial function without interaction terms. The model with such a function is also simple and easy to explain in terms of the implied causal relationship. In general, the cubic spline transformation improves the overall performance of all three models.
OLS, Tobit and two-part models
From Table 4 , it can be seen that the OLS performed better in the goodness-of-fit than the other two models both with and without the spline transformation. The tobit model had the MAE slightly smaller than that of OLS for the case without the spline transform. However, for both RMSE and the proportions of AE greater than 0.05 and 0.10, OLS model still had a better prediction performance than the Tobit and two-part models. Therefore, OLS model is preferred in general, not only because of its simplicity and intuitiveness, but also due to its advantages in goodness-offit and predictive ability. Note that in Table 3 , the predicted SF-6D scores with OLS model may exceed one, the upper bound of the SF-6D score, and become difficult to explain. In the case when the OLS model is used for prediction purposes, the predicted SF-6D scores greater than one should be clamped to one. Based on our data, this led to prediction performance that is slightly better in the proportions of AE greater than 0.05 and 0.10, but very similar in RMSE and MAE, when compared with the Tobit model. Hence, in the case when the individual prediction is the main target, the Tobit or two-part models could be an useful alternative, despite their possible trade-off in the goodness-of-fit and prediction performance. Tables 5 and 6 present the results of the models using data with cubic spline transformation imputed by following the scoring guidelines by FACIT. Comparing to the results with multiple imputations in Tables 3 and 4 , the prediction of the SF-6D scores obtained by the three models was similar in both cases. This implies that the multiple imputation was performed in a valid basis that was consistent with the distribution of the observed data. Furthermore, the OLS model with transformed data from multiple imputation performed slightly better both in goodness-of-fit and predictive ability than the OLS model with the original data. Therefore, in order to achieve valid inference and good model performance, multiple imputation should be considered if the proportion of missing values is large in the dataset. On the other hand, in the case of only a small percentage of missing values, following the scoring guidelines [16] , i.e., averaging the scores in each subscale, can be a simple alternative to handle the missing values.
Multiple imputation
Discussions
In our study, we used three models and employed the cubic spline transformation and multiple imputation on missing values to improve the mapping function and perform the data analysis. Among all the results, the OLS model with cubic spline transformation and multiple imputation performed the best in general, with all R 2 and adjusted R 2 values beyond 60 %. Note that in terms of explanatory power, this result outperforms the majority (86.7 %) of mapping models from condition-specific measure to a generic preference-based measures reported by Brazier et al. [2] . Moreover, the mapping function also has some other advantages compared to the best model shown in the previous study [5] performed on the same set of data. In the current OLS model with imputed data and smoothing technique, the goodness-of-fit was improved by an increase in R 2 and adjusted R 2 , and a decrease in the RMSE and MAE; the terms of the covariates were further simplified with only the main effects, but no interaction term.
The good performance in goodness-of-fit and predictive ability achieved by the proposed OLS model is due to the better consistency with the model assumptions, i.e., the residuals are independently normally distributed with mean zero and constant variance. The residual plot of the OLS model with the transformed data is shown on the right side of Fig. 2 . The Tobit and two-part model handled the problem of the ceiling effect by treating the predicted SF-6D scores with a truncated model, i.e., clamping the response value by the upper bound one. However, truncated model is not suitable for modeling the SF-6D scores in our case, because by definition the SF-6D score follows a natural range of 0 to 1, rather than being truncated from a larger ranged value. In our study, the value of AIC is -2196 for OLS model, but -1,044 and -956 for the Tobit and two-part models, respectively. It implies that the OLS model is better fitted than the Tobit and two-part models. The same conclusion was also drawn by the values of BIC. Figure 3 shows the scatter plots of mean observed and predicted SF-6D preference-based scores obtained by OLS and Tobit models. The patterns of over-estimation were observed for both OLS and Tobit models when the observed SF-6D scores were lower than 0.8. A comparison of the mean error, RMSE and MAE of the OLS and Tobit models using the data with and without spline transformation is shown in Table 7 . By comparing the mean error of the models in different ranges of the observed SF-6D scores, it is also noticed that a tendency of over-estimation was observed in each model when the SF-6D scores were lower than 0.8, as observed in Fig. 3 . This agrees with the result in a previous mapping paper where the over-estimation exists when the observed SF-6D scores were lower than 0.8 [5] . However, the models using the data with spline smoothing had smaller magnitude of over-estimation for observed value of SF-6D less than 0.8, and smaller RMSE and MAE both in general and in most of the ranges of the observed SF-6D scores. It implies that the cubic spline smoothing can help in improving the effect of over-estimation and reducing the RMSE and MAE.
With the spline smoothing method, models for the mapping function were greatly improved. In our study, we chose the cubic spline with four knots for the spline transformation. There are other options in selecting the degree and the number of pieces of the polynomial function obtained by the transformation. The cubic spline is the most common choice since it provides enough flexibility in describing the data while still not too complicated in the expression. Other settings may also be applied based on different cases.
We performed the analysis using the data with ten multiple imputations. We also experimented with different numbers of imputations, which all led to similar results. The performance of the models is neither sensitive to the number of multiple imputations nor the distributional assumption of the imputation [26] . As a common practice, the number of imputations is usually set between five and ten.
There are also other models and methods which are applicable for fitting the mapping function and improving the results obtained by linear model without any data manipulation. The censored least absolute deviations model (CLAD) is one of the alternatives which is commonly considered [27, 28] . It also models the data in a similar way as Tobit model to handle the ceiling effect with a truncated upper bound, but the optimization criterion is based on the absolute error instead of the squared error. Such an optimization criterion is applicable when the assumptions for applying least square error are not valid, i.e., the residuals are not independently normally distributed with mean zero and constant variance. However, in the residual plots shown in Fig. 2 , the residuals in our models were evenly spread around the horizontal line of zero without a certain pattern. It implies that the residuals were independently and normally distributed with mean zero and a constant variance. Therefore, we did not include CLAD model in our study, since the residuals satisfied the assumptions in an acceptable degree after the spline transformation as shown in Fig. 2 . The limitation of our study is mainly on the generalizability of our mapping function. Our mapping function obtained using the data collected from the Chinese CRN population may not be applicable to other patient groups. For the patients with other kinds of cancer, the mapping function should be validated with the sample of the specific cancer before fitting on the datasets. Furthermore, the SF-6D scores we used were based on Hong Kong preferences weights [14] . The proposed mapping function in this paper should be applied with caution on the data from populations other than Chinese. However, our methodology for improving the model performance can be applied similarly to other patient groups in general.
Conclusions
The mapping of FACT-C subscale scores onto SF-6D preference-based scores for Chinese patients was effectively improved by different models and data manipulation techniques. The cubic spline method can capture the nonlinear effects of the FACT-C subscales and increase the goodness-of-fit and prediction performance. The mostly recommended model is OLS model, not only in the sense of model performance but also for its simplicity and intuitive explanation. Other than OLS model which is commonly used in practice, Tobit model and two-part model can be used as alternative for more precise prediction on the upper bound of SF-6D scores but without too much loss in goodness-of-fit and predictive ability. The problem of missing value in original questionnaire of FACT-C can be handled by multiple imputation or by simple averaging following the scoring guidelines. The latter one is simple and easy to apply, but the former one is better grounded theoretically and has advantages when assessing the model performance.
Further studies can be focused on improving the mapping of condition-specific health-related quality of life other than FACT-C onto SF-6D scores and the questionnaires for non-Chinese populations. Other smoothing methods can also be investigated for the mapping function.
